Hydroelectric power plants' open-type surge tanks may be built in mountains subject to the provision of atmospheric air. Hence, a ventilation tunnel is indispensable. The air flow in the ventilation tunnel is associated with the fluctuation of water-level in the surge tank. There is a great relationship between the wind speed and the safe use and project investment of ventilation tunnels. To obtain the wind speed in a ventilation tunnel for a surge tank during transient processes, this article adopts the one-dimensional numerical simulation method and establishes a mathematical model of a wind speed by assuming the boundary conditions of air discharge for a surge tank. Thereafter, the simulation of wind speed in a ventilation tunnel, for the case of a surge tank during transient processes, is successfully realized. Finally, the effective mechanism of water-level fluctuation in a surge tank and the shape of the ventilation tunnel (including length, sectional area and dip angle) for the wind speed distribution and the change process are discovered. On the basis of comparison between the simulation results of 1D and 3D computational fluid dynamics (CFD), the results indicate that the one-dimensional simulation method as proposed in this article can be used to accurately simulate the wind speed in the ventilation tunnel of a surge tank during transient processes. The wind speed fluctuations can be superimposed by using the low frequency mass wave (i.e., fundamental wave) and the high frequency elastic wave (i.e., harmonic wave). The water-level fluctuation in a surge tank and the sectional area of the ventilation tunnel mainly affect the amplitude of fundamental and harmonic waves. The period of a fundamental wave can be determined from the water-level fluctuations. The length of the ventilation tunnel has an effect on the period and amplitude of harmonic waves, whereas the dip angle influences the amplitude of harmonic waves.
Introduction
An open-type surge tank built in a mountain must be connected with the atmosphere air by a ventilation tunnel to realize its functions of ventilation and pressure reduction, as shown in Figure 1 . In the transient processes of a hydroelectric power plant (HPP), the load rejection and the load adjustment of units can cause water-level fluctuations in a surge tank, and, thereafter, lead to volume, pressure and f air flow changes the surge tank. As a consequence, the gas in the ventilation tunnel transforms volume, pressure and f air flow changes the surge tank. As a consequence, the gas in the ventilation tunnel transforms from a static state to an unsteady flow causing high speed wind flows. These high speed wind flows will not only affect the tunnel structure and safe use, but it also affects the project investment for the provision of ventilation tunnel. Hence, it is necessary to carry out a simulation of the wind speed during transient processes to provide a basis for the application and design of ventilation tunnels in the case of surge tanks. For the case of a wind speed in a tunnel, many measurement methods and simulation techniques have been studied. Davenport [1] , Liu et al. [2] and Allegrini et al. [3] have all proposed methods to measure wind speeds in a wind tunnel. Xu [4] made physical models to the ventilation tunnel of a surge tank of an underground HPP. He measured the wind speed and analyzed the relation between the wind speed change process and the water-level fluctuations in a surge tank. Field tests and experiments are important ways to explore the fundamental relationships, but they always demand a great deal of time and money; hence, many researchers prefer to use the numerical simulation technique. Ramponi and Blocken [5] and Mo et al. [6] investigated the wind speed by using the three-dimensional computational fluid dynamics (CFD) method and the effect of turbulence models. Zhou et al. [7] studied the functional mechanism of a ventilation system for the tailrace tunnel by using CFD. The three-dimensional computational method is an accurate tool, but it is also time-consuming. On the other hand, the one-dimensional numerical simulation of wind speed in a ventilation tunnel, for the case of a surge tank during transient processes, has not been investigated. Streeter and Wylie discussed the transient flow in a natural gas pipeline and established its basic equations. In this regard, they proposed to use the one-dimensional method of characteristics (MOC) [8] , but the research object they studied is considerably different from a ventilation tunnel and its results cannot be referenced directly. In addition, the boundary conditions of the ventilation tunnel for a surge tank are entirely new problems.
To determine the wind speed in the ventilation tunnel for the case of a surge tank during transient processes, this article uses the one-dimensional numerical simulation method and establishes a mathematical model of wind speed based on the boundary conditions of air discharge for the case of a surge tank. Thereafter, the simulation of wind speed in the ventilation tunnel for a surge tank during transient processes, is successfully realized. By comparing the results of one-dimensional simulation to that of three-dimensional CFD simulation through a project case, the applicability and the rationality of one-dimensional numerical simulation as proposed in this article have been verified. Finally, the effective mechanism of water-level fluctuation in a surge tank and the shape of the ventilation tunnel (including length, sectional area and dip angle) for onward distribution and the wind speed change process have been explored from the perspective of wave superposition.
Mathematical Model
The simulation of wind speed in the ventilation tunnel deals with the transient flow of a gas pipeline. The mathematical model established in this section is based on the following assumptions: For the case of a wind speed in a tunnel, many measurement methods and simulation techniques have been studied. Davenport [1] , Liu et al. [2] and Allegrini et al. [3] have all proposed methods to measure wind speeds in a wind tunnel. Xu [4] made physical models to the ventilation tunnel of a surge tank of an underground HPP. He measured the wind speed and analyzed the relation between the wind speed change process and the water-level fluctuations in a surge tank. Field tests and experiments are important ways to explore the fundamental relationships, but they always demand a great deal of time and money; hence, many researchers prefer to use the numerical simulation technique. Ramponi and Blocken [5] and Mo et al. [6] investigated the wind speed by using the three-dimensional computational fluid dynamics (CFD) method and the effect of turbulence models. Zhou et al. [7] studied the functional mechanism of a ventilation system for the tailrace tunnel by using CFD. The three-dimensional computational method is an accurate tool, but it is also time-consuming. On the other hand, the one-dimensional numerical simulation of wind speed in a ventilation tunnel, for the case of a surge tank during transient processes, has not been investigated. Streeter and Wylie discussed the transient flow in a natural gas pipeline and established its basic equations. In this regard, they proposed to use the one-dimensional method of characteristics (MOC) [8] , but the research object they studied is considerably different from a ventilation tunnel and its results cannot be referenced directly. In addition, the boundary conditions of the ventilation tunnel for a surge tank are entirely new problems.
To determine the wind speed in the ventilation tunnel for the case of a surge tank during transient processes, this article uses the one-dimensional numerical simulation method and establishes a mathematical model of wind speed based on the boundary conditions of air discharge for the case of a surge tank. Thereafter, the simulation of wind speed in the ventilation tunnel for a surge tank during transient processes, is successfully realized. By comparing the results of one-dimensional simulation to that of three-dimensional CFD simulation through a project case, the applicability and the rationality of one-dimensional numerical simulation as proposed in this article have been verified. Finally, the effective mechanism of water-level fluctuation in a surge tank and the shape of the ventilation tunnel (including length, sectional area and dip angle) for onward distribution and the wind speed change process have been explored from the perspective of wave superposition. 
The simulation of wind speed in the ventilation tunnel deals with the transient flow of a gas pipeline. The mathematical model established in this section is based on the following assumptions: (1) the flow is isothermal; (2) the elasticity of the pipe's wall can be ignored; (3) the flow is one dimensional; (4) the coefficient of friction is a function of the surface's roughness and Reynolds number (when we calculate the transient flow, the steady flow friction coefficient can be used); and (5) any kinetic energy changes along the pipeline can be ignored.
Basic Equations and Solution of MOC
For the case of unsteady flow of pressurized pipeline, the basic equations include the momentum equation and the continuity equation; their expressions can be written as follows [8] :
where the relevant parameters are defined as follows: B = wave velocity; A = sectional area of the ventilation tunnel; M = mass flow; x = position along the axis of the tunnel; p = absolute pressure of gas; t = time; α = inertia factor; g = gravitational acceleration; θ = included angle between the axis of pipeline and the horizontal plane; f = Darcy-Weisbach coefficient of friction resistance; D = diameter of the ventilation tunnel. It should be noted that:
The wave velocity can be determined by using the state equation B " a p{ρ " ? λRT; where ρ is the gas density, λ is the compressibility coefficient, R is the gas constant and T is the absolute temperature. (3) When the axis rises up along the direction of +x, θ, the included angle between the axis of pipeline and the horizontal plane, takes a positive value. (4) The default values of the parameters are: B = 340 m/s, α = 1, f = 0.015, ρ = 1.205 kg/m 3 , p 0 = 101,325 Pa.
The MOC grid is shown in Figure 2 . (1) the flow is isothermal; (2) the elasticity of the pipe's wall can be ignored; (3) the flow is one dimensional; (4) the coefficient of friction is a function of the surface's roughness and Reynolds number (when we calculate the transient flow, the steady flow friction coefficient can be used); and (5) any kinetic energy changes along the pipeline can be ignored.
Momentum equation:
, where v = flow velocity.
(2) The wave velocity can be determined by using the state equation
where ρ is the gas density, λ is the compressibility coefficient, R is the gas constant and T is the absolute temperature. 
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By using the integrated method along the characteristic lines ( C`: A Ñ P , C´: B Ñ P ), we can get equations for C`and C´:
C`: p P " C P´CB M P (5)
Thereafter, the intensity of pressure and the mass flow at the point P can be expressed as follows:
where,
Boundary Conditions and Initial Conditions

Boundary Conditions
The boundary conditions for the "surge tank-ventilation tunnel" system, as shown in Figure 3 , includes the last section of the ventilation tunnel (i.e., the atmospheric air side), the connecting pipes and the first section of the ventilation tunnel (i.e., the surge tank side). It should be noticed that the first section and the last section of ventilation tunnel can be considered the positive direction of the pipeline as it assumed in this article (i.e., from the surge tank side towards the atmospheric air side). These boundary conditions have been discussed as follows:
By using the integrated method along the characteristic lines ( :
, we can get equations for C  and C  :
:
Boundary Conditions and Initial Conditions
Boundary Conditions
The boundary conditions for the "surge tank-ventilation tunnel" system, as shown in Figure 3 , includes the last section of the ventilation tunnel (i.e., the atmospheric air side), the connecting pipes and the first section of the ventilation tunnel (i.e., the surge tank side). It should be noticed that the first section and the last section of ventilation tunnel can be considered the positive direction of the pipeline as it assumed in this article (i.e., from the surge tank side towards the atmospheric air side). These boundary conditions have been discussed as follows: (1) Last section of the ventilation tunnel (i.e., the atmospheric air side)
The last section of the ventilation tunnel is directly connected to the atmosphere. Its pressure is identical to the atmospheric pressure, i.e., pL = p0. By using the C  equation, the unknown quantity ML of this boundary node can be obtained as follows: (1) Last section of the ventilation tunnel (i.e., the atmospheric air side)
The last section of the ventilation tunnel is directly connected to the atmosphere. Its pressure is identical to the atmospheric pressure, i.e., p L = p 0 . By using the C´equation, the unknown quantity M L of this boundary node can be obtained as follows:
Energies 2016, 9, 95 5 of 16 (2) Connecting pipes
The junctions of pipes in a series (refer to Figure 4 ) meet the continuous mass flow condition. Meanwhile, the pressure of the sections just before and after the junction should be treated the same, if the local loss of head is neglected. By using the C`and C´equations, we can get the boundary conditions of pipes in a series as follows:
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The junctions of pipes in a series (refer to Figure 4 ) meet the continuous mass flow condition. Meanwhile, the pressure of the sections just before and after the junction should be treated the same, if the local loss of head is neglected. By using the C  and C  equations, we can get the boundary conditions of pipes in a series as follows: Figure 4 . The boundary condition of pipes in a series.
(3) First section of the ventilation tunnel (i.e., the surge tank side)
The water-level fluctuation of a surge tank serves as a source of disturbances. This leads to the unsteady flow of the air in a surge tank and in a ventilation tunnel. In this article, we allow the fluctuation of the water-level in a surge tank to be known, i.e., z = z(t). The fluctuation process in the water-level of a surge tank can be simulated by using software for the transient processes of a HPP and by neglecting the air dynamics in the ventilation tunnel. Next, it is assumed that the initial water level is zero and the upward movement can be treated as positive.
It is presumed that the velocity of fluctuation in the water-level for the case of a surge tank (vz) and the flow rate of gas (vJ) at the first section of the ventilation tunnel should meet the following relationship:
where, F is the sectional area of a surge tank; AJ is the sectional area of the first section of the ventilation tunnel.
By substituting the
in Equation (12) and by simplifying the resulting equation, we may get:
By applying the C  equation, the unknown quantity J p at the boundary node can be obtained as follows:
It should be noticed that there might be some other treatment methods for the boundary conditions of the first section of a ventilation tunnel. The treatment method, as adopted in this article, can be used to reflect the dynamic nature and the characteristics of air flow in the ventilation tunnel.
Initial Conditions
For the case of an isothermal (steady) flow, M is the constant and The water-level fluctuation of a surge tank serves as a source of disturbances. This leads to the unsteady flow of the air in a surge tank and in a ventilation tunnel. In this article, we allow the fluctuation of the water-level in a surge tank to be known, i.e., z = z(t). The fluctuation process in the water-level of a surge tank can be simulated by using software for the transient processes of a HPP and by neglecting the air dynamics in the ventilation tunnel. Next, it is assumed that the initial water level is zero and the upward movement can be treated as positive.
It is presumed that the velocity of fluctuation in the water-level for the case of a surge tank (v z ) and the flow rate of gas (v J ) at the first section of the ventilation tunnel should meet the following relationship:
where, F is the sectional area of a surge tank; A J is the sectional area of the first section of the ventilation tunnel.
By substituting the v z "´d z dt and M J " ρv J A J in Equation (12) and by simplifying the resulting equation, we may get:
By applying the C`equation, the unknown quantity p J at the boundary node can be obtained as follows:
For the case of an isothermal (steady) flow, M is the constant and BM Bt " 0. The integral of momentum equation from x " 0 at p " p 1 to x " ∆x at p " p 2 yields:
s q{e
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In Equation (15): s " p2g∆xsinθq{B 2 . This equation presents the parabolic pressure gradient of the ventilation tunnel in a steady state. The pressure at every section of the ventilation tunnel during the initial steady state should satisfy this equation. For the case of a horizontal pipeline, s " 0, e s " 1 and pe s´1 q{s " 1, therefore, Equation (15) becomes:
If the air in the pipeline is static in the initial state, then the flow at every section is equal to zero. As a consequence, the pressure at every section in the pipeline is always equal to the atmospheric pressure.
Solution and Model Verification
The Solution
In accordance with the mathematical model developed in Section 2, the simulation of wind speed in the ventilation tunnel for the case of a surge tank during transient processes can be carried out. The steps involved in the computational procedure, are as follows: (1) divide the pipeline of the ventilation tunnel into several sections. The space steps and the time steps can be denoted as ∆ x and ∆t, respectively where ∆x " pB{αq{∆t. On the basis of the initial condition at time t " t 0 , the C P , C M and C B can be determined, thereafter, p P and M P at the time t " t 0`∆ t can be determined by using Equations (7) and (8) . When the boundary nodes located in the last section of the ventilation tunnel, the pipes in a series and the first section of a ventilation tunnel must be computed, the boundary conditions discussed in Section 2.2.1 should be applied. We follow the above-described procedure for the total calculation time set in advance. The complete simulation process is shown in Figure 5 .
In Equation (15) 
Solution and Model Verification
The Solution
In accordance with the mathematical model developed in Section 2, the simulation of wind speed in the ventilation tunnel for the case of a surge tank during transient processes can be carried out. The steps involved in the computational procedure, are as follows: (1) (7) and (8) . When the boundary nodes located in the last section of the ventilation tunnel, the pipes in a series and the first section of a ventilation tunnel must be computed, the boundary conditions discussed in Section 2.2.1 should be applied. We follow the above-described procedure for the total calculation time set in advance. The complete simulation process is shown in Figure 5 . 
Model Verification
To verify the correctness of the one-dimensional simulation for the case of wind speed in a ventilation tunnel, as proposed in this article, a project case is selected for a comparison between the simulation results of the one-dimensional method and that of a three-dimensional CFD method. The layout for the "surge tank-ventilation tunnel" system and the process of water-level fluctuation for the case of a surge tank are shown in Figure 6 . The basic parameters are defined as follows: for the ventilation tunnel: the vertical pipeline is L JB = 85 m, the horizontal pipeline is L BL = 680 m, the sectional area A = 20 m 2 ; for the surge tank case, the sectional area is F = 706.86 m 2 .
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To verify the correctness of the one-dimensional simulation for the case of wind speed in a ventilation tunnel, as proposed in this article, a project case is selected for a comparison between the simulation results of the one-dimensional method and that of a three-dimensional CFD method. The layout for the "surge tank-ventilation tunnel" system and the process of water-level fluctuation for the case of a surge tank are shown in Figure 6 . The basic parameters are defined as follows: for the ventilation tunnel: the vertical pipeline is LJB = 85 m, the horizontal pipeline is LBL = 680 m, the sectional area A = 20 m 2 ; for the surge tank case, the sectional area is F = 706.86 m 2 . The assessment region of the one-dimensional method is between the first section (i.e., Section J, the connecting section between the ventilation tunnel and the surge tank) and the last section (i.e., Section L, the ventilation tunnel exit that is connected to the atmosphere). The three-dimensional CFD method conducts the assessment from the free water surface of a surge tank to Section L. In the three-dimensional CFD simulation case, the volume of fluid (VOF) multiphase flow model [9, 10] , the second order realizable k-ε turbulence model [11] , the standard near wall function [12] , the incompressible Navier-Stokes (NS) equation dispersed by the finite volume method (FVM) [13] and pressure implicit with splitting of operator (PISO) algorithm, that are coupled by pressure and velocity [14] [15] [16] [17] , are adopted. The boundary conditions of a surge tank are adopted for the preset water-level fluctuation process, as shown in Figure 6 , whereas the boundary conditions of Section L are fixed to use the preset atmospheric pressure (p0). The results for the distribution of wind speed (i.e., the positive and negative extremum envelope curves along the axis of ventilation tunnel) and the fluctuation processes of wind speed at typical sections (i.e., Section J, Section L and the Section B) simulated by using these two methods are compared and shown in Figures 7 and 8 ). Please notice that: (1) the positive wind speed flows from Section J towards Section L, whereas the inverse flow is negative; (2) the axis length is calculated between Section J and Section L.
Figures 7 and 8 show that: (1) according to the 3D method, the absolute values of positive and negative wind speed extrema along the axis of ventilation tunnel present an almost linear and gradually increasing tendency. The amplification of the positive extremum is small while the amplification of the negative extremum is large (refer to Table 1 ). Hence, the maximum values of positive and negative wind speed occur at Section L. For the 1D method, the distribution trend of wind speed (extremum) is the same as that of the 3D method. The positive extreme values at Sections J and L are respectively higher and lower than those estimated by the 3D method, whereas the absolute values of negative wind speed (extremum) are always higher than those of the 3D The assessment region of the one-dimensional method is between the first section (i.e., Section J, the connecting section between the ventilation tunnel and the surge tank) and the last section (i.e., Section L, the ventilation tunnel exit that is connected to the atmosphere). The three-dimensional CFD method conducts the assessment from the free water surface of a surge tank to Section L. In the three-dimensional CFD simulation case, the volume of fluid (VOF) multiphase flow model [9, 10] , the second order realizable k-ε turbulence model [11] , the standard near wall function [12] , the incompressible Navier-Stokes (NS) equation dispersed by the finite volume method (FVM) [13] and pressure implicit with splitting of operator (PISO) algorithm, that are coupled by pressure and velocity [14] [15] [16] [17] , are adopted. The boundary conditions of a surge tank are adopted for the preset water-level fluctuation process, as shown in Figure 6 , whereas the boundary conditions of Section L are fixed to use the preset atmospheric pressure (p 0 ). The results for the distribution of wind speed (i.e., the positive and negative extremum envelope curves along the axis of ventilation tunnel) and the fluctuation processes of wind speed at typical sections (i.e., Section J, Section L and the Section B) simulated by using these two methods are compared and shown in Figures 7 and 8 ). Please notice that: (1) the positive wind speed flows from Section J towards Section L, whereas the inverse flow is negative; (2) the axis length is calculated between Section J and Section L.
Figures 7 and 8 show that: (1) according to the 3D method, the absolute values of positive and negative wind speed extrema along the axis of ventilation tunnel present an almost linear and gradually increasing tendency. The amplification of the positive extremum is small while the amplification of the negative extremum is large (refer to Table 1 ). Hence, the maximum values of positive and negative wind speed occur at Section L. For the 1D method, the distribution trend of wind speed (extremum) is the same as that of the 3D method. The positive extreme values at Sections J and L are respectively higher and lower than those estimated by the 3D method, whereas the absolute values of negative wind speed (extremum) are always higher than those of the 3D method. In the same section, there is an insignificantly small difference of wind extreme values between the 1D and 3D methods (the positive difference is less than 1.42 m/s and 4.86%, the negative difference is less than 5.76 m/s and 8.69%).
Energies method. In the same section, there is an insignificantly small difference of wind extreme values between the 1D and 3D methods (the positive difference is less than 1.42 m/s and 4.86%, the negative difference is less than 5.76 m/s and 8.69%). and positive wind speeds (extrema) occur at the time of the fastest water-level drop and fastest rise, respectively. For this calculation case, because the fastest water-level decrease speed is greater than the fastest increase speed, the absolute value of the negative wind speed extremum is greater than that of the positive extremum in the same section.
(3) With regard to the gas compressibility, Figure 9 shows the gas pressure change process of Section J that is simulated by using the 1D method. It can be found that the gas pressure has a slight fluctuation, which only influences the gas density, hence, the gas compressibility in the ventilation tunnel can be ignored. For the conditions of general load adjustment of the unit, the range of load changes is small, so the above result can always be applied.
On the basis of the above analysis, the 1D simulation method, as proposed in this article, can accurately simulate the wind speed in the ventilation tunnel of a surge tank during the transient process. water-level. The negative and positive wind speeds (extrema) occur at the time of the fastest water-level drop and fastest rise, respectively. For this calculation case, because the fastest water-level decrease speed is greater than the fastest increase speed, the absolute value of the negative wind speed extremum is greater than that of the positive extremum in the same section. (3) With regard to the gas compressibility, Figure 9 shows the gas pressure change process of Section J that is simulated by using the 1D method. It can be found that the gas pressure has a slight fluctuation, which only influences the gas density, hence, the gas compressibility in the ventilation tunnel can be ignored. For the conditions of general load adjustment of the unit, the range of load changes is small, so the above result can always be applied.
On the basis of the above analysis, the 1D simulation method, as proposed in this article, can accurately simulate the wind speed in the ventilation tunnel of a surge tank during the transient process. 
Analysis of the Influencing Factors' Effect on Wind Speed
For the "surge tank-ventilation tunnel" system the wind speed of the ventilation tunnel results from the water-level fluctuation in the surge tank, which mainly depends on the operating conditions of the transient process (i.e., load rejection, load increase, etc. [18] [19] [20] [21] [22] [23] ). Next, there is a certain influence of the shape of ventilation tunnel (including length, sectional area and dip angle) on the wind speed distribution and change process. In this section, the effects of above referred (two) kinds of influencing factors on the wind speed are analyzed by using the 1D method, as proposed in the sections above. The basic parameters of the ventilation tunnel are as follows: horizontal arrangement, L = 500 m, A = 20 m 2 , F = 500 m 2 , θ = 0°.
Effect of the Water-Level Fluctuation Process in a Surge Tank
The four typical operating conditions of unit load adjustment [18] [19] [20] [21] [22] [23] , i.e., load rejection (LR), load increase (LI), load first rejection and then increase (LRI), and load first increase and then rejection (LIR), are selected. Under these four operating conditions, the water-level fluctuation processes in a surge tank are shown in Figure 10a . The simulation results of the positive and negative (extremum) envelope curves along the ventilation tunnel axis and the wind speed fluctuation processes of typical sections (i.e., the first section and the last section) are shown in Figures 10b-d . Figure 10 shows that:
(1) For the case of (extremum) envelope curves, the absolute positive and negative wind speed (extremum) values along the ventilation tunnel axis present a gradually increasing linear tendency, whereas the maximum positive and negative wind speed values occur in the last section. For the maximum positive wind speed values, the values of LIR and LI are high and low, respectively, whereas the values of LR and LRI are the same. For the maximum negative wind speed values, the values of LRI and LR are high and low, respectively, whereas the values of LI and LIR are the same. The plausible cause of the above-described results is that the water-level fluctuation curves between LR and LRI as well as between LI and LIR coincide with each other during the initial period, when the positive and negative wind speed extrema occur. 
Analysis of the Influencing Factors' Effect on Wind Speed
For the "surge tank-ventilation tunnel" system the wind speed of the ventilation tunnel results from the water-level fluctuation in the surge tank, which mainly depends on the operating conditions of the transient process (i.e., load rejection, load increase, etc. [18] [19] [20] [21] [22] [23] ). Next, there is a certain influence of the shape of ventilation tunnel (including length, sectional area and dip angle) on the wind speed distribution and change process. In this section, the effects of above referred (two) kinds of influencing factors on the wind speed are analyzed by using the 1D method, as proposed in the sections above. The basic parameters of the ventilation tunnel are as follows: horizontal arrangement, L = 500 m, A = 20 m 2 , F = 500 m 2 , θ = 0˝.
Effect of the Water-Level Fluctuation Process in a Surge Tank
The four typical operating conditions of unit load adjustment [18] [19] [20] [21] [22] [23] , i.e., load rejection (LR), load increase (LI), load first rejection and then increase (LRI), and load first increase and then rejection (LIR), are selected. Under these four operating conditions, the water-level fluctuation processes in a surge tank are shown in Figure 10a . The simulation results of the positive and negative (extremum) envelope curves along the ventilation tunnel axis and the wind speed fluctuation processes of typical sections (i.e., the first section and the last section) are shown in Figure 10b -d. Figure 10 shows that:
(1) For the case of (extremum) envelope curves, the absolute positive and negative wind speed (extremum) values along the ventilation tunnel axis present a gradually increasing linear tendency, whereas the maximum positive and negative wind speed values occur in the last section. For the maximum positive wind speed values, the values of LIR and LI are high and low, respectively, whereas the values of LR and LRI are the same. For the maximum negative wind speed values, the values of LRI and LR are high and low, respectively, whereas the values of LI and LIR are the same. The plausible cause of the above-described results is that the water-level fluctuation curves between LR and LRI as well as between LI and LIR coincide with each other during the initial period, when the positive and negative wind speed extrema occur. (2) By comparing the wind fluctuation processes of the first and last section, the first section presents smooth curves, whereas the last section shows an apparent fluctuation (i.e., superposition phenomenon). For the superposition case of the last section, the low frequency sub-wave is treated as the fundamental wave, which can be derived by using the water-level fluctuation in the surge tank and has the same fluctuation process as the first section. The high frequency sub-wave is the harmonic wave that can be derived by using the gas elasticity. In this case, the harmonic wave is the flowing gas wave reflected by atmospheric air into the outlet. The fundamental wave corresponds to the mass wave and its period is equal to the period of the water-level fluctuation in the surge tank, whereas its amplitude is influenced by both the fluctuation speed and water-level and the mass flow in the ventilation tunnel. The harmonic wave corresponds to the elasticity wave; its period (4L/B) is proportional to the length and its amplitude is proportional to the gas inertia in the ventilation tunnel. The amplitude of the harmonic wave increases gradually along the axis from the first section (i.e., in the first section it is zero) towards the last section and decreases gradually over time.
Effect of the Shape of Ventilation Tunnel
Length of Ventilation Tunnel
For different ventilation tunnel lengths (i.e., L = 100, 300, 500, 700 and 900 m), the simulation results of the positive and negative (extrema) envelope curves along the axis and the wind speed fluctuation processes of typical sections (i.e., the first section and the last section) are shown in Figure 11 . Figure 11 shows that:
(1) For the cases of different ventilation tunnel lengths, the positive (or negative) wind speed (extreme) in the first section is the same, and the fluctuation process curves coincide with each other. The absolute values of the positive and negative wind speed (extrema) along the axis of the ventilation tunnel present a gradually increasing linear tendency. As the length increases, the absolute values of the positive and negative wind speed (extrema) in the last section tend to rise. (2) By comparing the wind fluctuation processes of the first and last section, the first section presents smooth curves, whereas the last section shows an apparent fluctuation (i.e., superposition phenomenon). For the superposition case of the last section, the low frequency sub-wave is treated as the fundamental wave, which can be derived by using the water-level fluctuation in the surge tank and has the same fluctuation process as the first section. The high frequency sub-wave is the harmonic wave that can be derived by using the gas elasticity. In this case, the harmonic wave is the flowing gas wave reflected by atmospheric air into the outlet. The fundamental wave corresponds to the mass wave and its period is equal to the period of the water-level fluctuation in the surge tank, whereas its amplitude is influenced by both the fluctuation speed and water-level and the mass flow in the ventilation tunnel. The harmonic wave corresponds to the elasticity wave; its period (4L/B) is proportional to the length and its amplitude is proportional to the gas inertia in the ventilation tunnel. The amplitude of the harmonic wave increases gradually along the axis from the first section (i.e., in the first section it is zero) towards the last section and decreases gradually over time.
Effect of the Shape of Ventilation Tunnel
Length of Ventilation Tunnel
For different ventilation tunnel lengths (i.e., L = 100, 300, 500, 700 and 900 m), the simulation results of the positive and negative (extrema) envelope curves along the axis and the wind speed fluctuation processes of typical sections (i.e., the first section and the last section) are shown in Figure 11 . Figure 11 shows that: (2) As the length increases, the fundamental waves of the wind speed in different sections remain unchanged because the mass flows in different sections remain the same; the amplitude and period (4L/B) of the harmonic wave increase remarkably (because the longer the length, the larger the gas inertia in the ventilation tunnel). The superposition of the fundamental wave and of harmonic waves leads to the rising absolute values of the wind speed (extrema) in the same section. (2) As the length increases, the fundamental waves of the wind speed in different sections remain unchanged because the mass flows in different sections remain the same; the amplitude and period (4L/B) of the harmonic wave increase remarkably (because the longer the length, the larger the gas inertia in the ventilation tunnel). The superposition of the fundamental wave and of harmonic waves leads to the rising absolute values of the wind speed (extrema) in the same section. (2) As the length increases, the fundamental waves of the wind speed in different sections remain unchanged because the mass flows in different sections remain the same; the amplitude and period (4L/B) of the harmonic wave increase remarkably (because the longer the length, the larger the gas inertia in the ventilation tunnel). The superposition of the fundamental wave and of harmonic waves leads to the rising absolute values of the wind speed (extrema) in the same section. Figure 12 shows that as the sectional area increases, the period of the fundamental wind speed fluctuation wave in the same section remains unchanged, whereas the amplitude gradually decreases. The period of the harmonic wave in the same section remains unchanged, whereas its amplitude increases gradually due to the rising inertia as the sectional area increases. Since the decrease of the amplitude of fundamental wave plays a leading role, the absolute wind speed (extrema) values in the same section are reduced as the sectional area increases when we consider the superposition of the fundamental and harmonic waves.
Sectional Area of Ventilation Tunnel
Dip Angle of Ventilation Tunnel
For different cases of ventilation tunnel dip angles (i.e., θ = 0°, 10°, 20°, 30°, 40°, 90°), the simulation results of the positive and negative (extrema) envelope curves along the axis and the wind speed fluctuation processes in typical sections (i.e., the first section and the last section) are shown in Figure 13 . Figure 12 shows that as the sectional area increases, the period of the fundamental wind speed fluctuation wave in the same section remains unchanged, whereas the amplitude gradually decreases. The period of the harmonic wave in the same section remains unchanged, whereas its amplitude increases gradually due to the rising inertia as the sectional area increases. Since the decrease of the amplitude of fundamental wave plays a leading role, the absolute wind speed (extrema) values in the same section are reduced as the sectional area increases when we consider the superposition of the fundamental and harmonic waves.
For different cases of ventilation tunnel dip angles (i.e., θ = 0˝, 10˝, 20˝, 30˝, 40˝, 90˝), the simulation results of the positive and negative (extrema) envelope curves along the axis and the wind speed fluctuation processes in typical sections (i.e., the first section and the last section) are shown in Figure 13 . Figure 12 shows that as the sectional area increases, the period of the fundamental wind speed fluctuation wave in the same section remains unchanged, whereas the amplitude gradually decreases. The period of the harmonic wave in the same section remains unchanged, whereas its amplitude increases gradually due to the rising inertia as the sectional area increases. Since the decrease of the amplitude of fundamental wave plays a leading role, the absolute wind speed (extrema) values in the same section are reduced as the sectional area increases when we consider the superposition of the fundamental and harmonic waves.
For different cases of ventilation tunnel dip angles (i.e., θ = 0°, 10°, 20°, 30°, 40°, 90°), the simulation results of the positive and negative (extrema) envelope curves along the axis and the wind speed fluctuation processes in typical sections (i.e., the first section and the last section) are shown in Figure 13 . From the inspection of Figure 13 , we can infer that the dip angle effect is similar to that of length as described hereunder:
(1) For different cases of ventilation tunnel dip angle, the positive (or negative) wind speed (extrema) in the first section are the same and the fluctuation process curves coincide with each other. The absolute values of the positive and negative wind speed (extrema) along the ventilation tunnel axis present a gradually increasing linear tendency. As the dip angles increase, the absolute values of the positive and negative wind speed (extrema) in the last section tend to rise.
(2) As the dip angle increases, the fundamental wind speed waves and the period of the harmonic waves in different sections remain unchanged; the harmonic wave amplitude increases because the gas inertia in the direction is augmented by the weight component of the gas when the dip angle rises. The superposition of fundamental and harmonic waves leads to the rise in the absolute wind speed values (extrema) at the same section.
Summary for the Influencing Factors Effect Analysis
From the perspective of wave superposition theory, Sections 4.1 and 4.2 reveal the effective mechanism of water-level fluctuation in a surge tank as well as the shape of ventilation tunnel (including length, sectional area and dip angle) for onward distribution and wind speed change processes in a surge tank ventilation tunnel. The water-level fluctuation in the surge tank as well as the sectional area of the ventilation tunnel mainly affect the amplitude of the fundamental and harmonic waves. The period of the fundamental wave can be determined by using the water-level fluctuation. The length of the ventilation tunnel can greatly affect the period and amplitude of harmonic waves, whereas the dip angle influences the harmonic wave amplitude.
On the basis of the results described above, we can devise some appropriate measures that can be adopted for practical purposes to reduce the harm of high speed of wind in a ventilation tunnel. The optimization, regarding the type of load adjustment as well as the increase of sectional area for a ventilation tunnel, is the most effective way to reduce the wind speed.
Conclusions
The aim of this article was to adopt a 1D numerical simulation method to establish the mathematical model of "surge tank-ventilation tunnel" system and to derive a wind speed simulation method. Thereafter, from the perspective of wave superposition, the effective mechanism of water-level fluctuations in a surge tank and the shape of the ventilation tunnel for onward distribution and the wind speed change processes are discovered. The major conclusions can be summarized as follows: From the inspection of Figure 13 , we can infer that the dip angle effect is similar to that of length as described hereunder:
(1) For different cases of ventilation tunnel dip angle, the positive (or negative) wind speed (extrema) in the first section are the same and the fluctuation process curves coincide with each other.
The absolute values of the positive and negative wind speed (extrema) along the ventilation tunnel axis present a gradually increasing linear tendency. As the dip angles increase, the absolute values of the positive and negative wind speed (extrema) in the last section tend to rise.
Summary for the Influencing Factors Effect Analysis
Conclusions
The aim of this article was to adopt a 1D numerical simulation method to establish the mathematical model of "surge tank-ventilation tunnel" system and to derive a wind speed simulation method. Thereafter, from the perspective of wave superposition, the effective mechanism of water-level fluctuations in a surge tank and the shape of the ventilation tunnel for onward distribution and the wind speed change processes are discovered. The major conclusions can be summarized as follows: (1) The one-dimensional simulation method, as proposed in this article, can be used to accurately simulate the wind speed in the ventilation tunnel of a surge tank during transient processes.
(2) The fluctuation in wind speed can be superimposed by using the low frequency fundamental waves as well as the high frequency harmonic waves. The fundamental waves can be derived by using the water-level fluctuation in a surge tank. It has the same fluctuation process to that of the first section, whereas the harmonic waves can be derived by using the gas elasticity and correspond to the reflected wave of flowing gas by atmospheric air entering the outlet. The fundamental wave corresponds to the mass wave; its period is equal to the period of the water-level fluctuation in a surge tank and its amplitude is influenced by the water-level fluctuation speed and the mass flow in the ventilation tunnel. The harmonic wave corresponds to the elasticity wave; its period (4L/B) is proportional to the length and its amplitude is proportional to the gas inertia in the ventilation tunnel. The amplitude of a harmonic wave increases gradually from the first section (i.e., the first section is zero) to the last section along the axis and gradually decreases over time.
(3) The water-level fluctuation in a surge tank and the sectional area of the ventilation tunnel greatly affect the amplitude of the fundamental and harmonic waves. The period of a fundamental wave can be determined by using the water-level fluctuation. The ventilation tunnel length can be used to greatly affect the period and amplitude of harmonic waves, whereas the dip angle influences the harmonic wave amplitude.
The simulation of wind speed can be used to provide a good reference for ventilation tunnel design purposes. As a result, the hydroelectric power plants can be operated safely and the energy production would become more stable over time.
To summarize, the simulation results of a project case have been compared to the results of prototype measurements, and, their comparison establishes a good agreement. In any future work, we would conduct transient (model) experiments of the wind speed in ventilation tunnels for a surge tank to further validate the simulation method as proposed in this article.
